Protease activated receptors (PAR-1)
====================================

Platelet activation is a common phenomenon in several cardiovascular diseases and is of particular importance in patients with an acute coronary syndrome (ACS).[@b1-tcrm-11-1133] Upon activation, platelets release several mediators (such as thromboxane A2, ADP, serotonin, plasminogen, PF4) that most often induce further platelet activation and aggregation, commonly resulting in platelet-rich thrombus formation, vessel occlusion, and ischemia of the downstream located tissue. One of the main platelet activators is thrombin, a serine protease of 36 kDa encoded in humans on the eleventh chromosome.[@b2-tcrm-11-1133] Its function on the coagulation cascade is rather complex. However, it is evident that it catalyzes soluble fibrinogen to insoluble fibrin strands leading to platelet aggregation, and furthermore, cleaves a silencing ectodomain of the platelets protease activated receptors-1 (PAR-1). The unmasked new N-terminus of PAR-1 consecutively binds to an external binding site of PAR-1 and thereby induces receptor autoactivation ([Figure 1](#f1-tcrm-11-1133){ref-type="fig"}). This interaction of the newly presented N-terminus to the binding site of its own receptor results in an increase of the cytosolic Ca^2+^ levels and a consecutive inhibition of the intracellular cyclic adenosine monophosphate (cAMP) concentration. This effect finally leads to activation of the platelet integrin glycoprotein IIb/IIIa with consecutive platelet aggregation and clot formation.

PARs are a group of four different surface receptors (PAR-1--PAR-4), which are expressed on a variety of cells (platelets, endothelial cells, neurons).[@b3-tcrm-11-1133] However, only the G-protein-coupled PAR-1 and PAR-4 are expressed on mature human platelets. At the end of the last century, it was found that PAR-1 has, in comparison to PAR-4, a particularly high affinity to thrombin (approximately 100-fold higher), and thus mediates the rapid thrombin-mediated platelet activation.[@b4-tcrm-11-1133] Platelet activation, as can be found in several prothrombotic conditions, induces a massive increase of circulating thrombin resulting in platelet clot formation and often in infarction of the corresponding tissue. Hence, therapeutic inhibition of thrombin-mediated platelet activation was a new therapeutic approach in cardiovascular medicine. Supported by preclinical data showing that PAR-1 is mainly involved under circumstances of pathological platelet activation (such as atherothrombosis) and less in physiological hemostasis (to stop bleeding, requiring PAR-4 activation), the inhibition of PAR-1 was furthermore, believed to be associated with therapeutic antithrombotic effects, with a reduced risk for bleeding.[@b5-tcrm-11-1133],[@b6-tcrm-11-1133] These data were supported by a preclinical study in monkeys, which suggested that PAR-1 inhibition reduces the risk for thromboembolic complications without significantly affecting primary hemostasis.[@b7-tcrm-11-1133]

Vorapaxar: the first PAR-1 inhibitor that reached Phase III
===========================================================

Vorapaxar (ZONTIVITY™ \[formerly known as SCH 530348\] of Merck & Co., Kenilworth, NJ, USA) was the first in class antagonist of PAR-1 that reached clinical trials and was approved by the US Food and Drugs Administration (FDA) in 2014 for cardiovascular risk reduction. Vorapaxar is an ethyl carbamate based on the molecular structure of himbacine, which is an M20 alkaloid found in the bark of the Australian magnolia.[@b8-tcrm-11-1133]

Vorapaxar acts reversibly on the thrombin receptor PAR-1 and thereby inhibits thrombin-induced platelet activation. Other platelet activation pathways such as the thromboxane A2 or the ADP pathway are not impaired. Vorapaxar does not affect PAR-4, and high thrombin concentrations can thus still induce platelet clot formation. After oral intake, vorapaxar is hepatically metabolized to its major active agent M20 in a CYP450 dependant mechanism and peaks in serum after approximately 1 hour. Among all CYP450, CYP4503 A4 seems to have a major impact on hepatic vorapaxar metabolization.[@b9-tcrm-11-1133] Hence, comedication with strong CYP450 inducers (such as phenytoin, carbamazepine) or inhibitors (such as clarithromycin, ketoconazole, nefazodone) or the presence of CYP-P4503A4 polymorphisms might influence the vorapaxar effect. Vorapaxar binds in blood to plasma proteins (\>99% protein binding), preferentially to albumin, and is mainly hepatically cleared from plasma in a CYP3A4 and CYP2J2 manner before being excreted via feces (58%) and urine (25%). Due to the comparably long half-life time of vorapaxar (approximately 5--13 days) in relation to a platelet's lifespan (approximately 8 days), vorapaxar affects platelet aggregation effectively irreversibly. Mild to moderate impairments of the liver function did not show significant changes of the vorapaxar effects. Nevertheless, vorapaxar should not be taken in case of severe hepatic insufficiency, as it might increase bleeding complications.[@b10-tcrm-11-1133] Kosoglou et al[@b11-tcrm-11-1133] investigated in a small clinical study the impact of patients with end-stage renal disease and hemodialysis on the vorapaxar bioavailability. They found that end-stage renal disease had no significant effect on pharmacokinetic profile of vorapaxar or its antiplatelet effect. However, besides metabolization and elimination rates it was recently published that blacks express more PAR-4 protein than Caucasians.[@b12-tcrm-11-1133] Future clinical studies will need to investigate whether these differences are associated with altered antiplatelet effects.

Safety and efficacy of vorapaxar in patients with atherosclerosis
=================================================================

The safety of vorapaxar in patients with coronary artery disease (CAD) undergoing coronary angiography with nonurgent percutaneous coronary intervention (PCI) was first investigated in two Phase II studies.[@b13-tcrm-11-1133],[@b14-tcrm-11-1133] The results of these Phase II trials were promising as vorapaxar, given in addition to dual antiplatelet therapy, did not significantly increase bleeding complications, but reduced the risk of periprocedural myocardial infarction (MI). Driven by these results, vorapaxar was investigated in the Thrombin-Receptor Antagonist for Clinical Event Reduction in Acute Coronary Syndromes (TRACER) trail. TRACER investigated the safety profile of vorapaxar versus placebo in patients with an ACS but without ST-segment elevations.[@b15-tcrm-11-1133] In this multicenter, double-blinded Phase III trial, 12,944 patients were randomized 1:1 into a vorapaxar group, in which patients obtained a loading dose of 40 mg followed by a maintenance dose of 2.5 mg daily for at least 1 year, or into a placebo cohort. Both, vorapaxar and placebo were given in addition to standard antiplatelet therapy. Exclusion criteria were, among others, a history of intracranial bleedings, any abnormal bleedings within the last 30 days, thrombocytopenia, and medication with oral anticoagulants such as warfarin or factor Xa inhibitors. The primary end point was defined as a composite of death due to cardiovascular diseases, MI, urgent coronary revascularization, or stroke. After a median follow-up time of 502 days (interquartile range from 349 to 667), 1,031 out of 6,473 patients from the vorapaxar group versus 1,102 out of 6,471 of the placebo group had reached the primary end point (Kaplan--Meier 2-year rate, 18.5% versus 19.9%; hazard ratio \[HR\], 0.92; 95% confidence interval \[CI\], 0.85--1.01; *P*=0.07). Death related to cardiovascular causes, MI, or stroke occurred less often in the vorapaxar group than in placebo controls (vorapaxar versus placebo: 14.7% versus 16.4%; HR, 0.89; 95% CI, 0.81--0.98; *P*=0.02). However, this beneficial effect of vorapaxar was associated with a significantly increased risk for moderate and severe bleedings (vorapaxar versus placebo: 7.2% versus 5.2%; HR, 1.35; 95% CI, 1.16--1.58; *P*\<0.001), which outweighed the potential beneficial effect in reduction of atherothrombotic events at 2 years. Particularly, intracranial bleedings were highly significantly increased under vorapaxar (vorapaxar versus placebo: 1.1% versus 0.2%; HR, 3.39; 95% CI, 1.78--6.45; *P*\<0.001). In TRACER patients with NSTE (nonST-segment elevation)-ACS and peripheral artery disease (PAD), there was a tendency of reduced ischemic end points and peripheral revascularization which, however, did not reach statistical significance.[@b16-tcrm-11-1133]

Platelet activation, particularly induced by thrombin, plays a key role in atherothrombotic events in patients with stable atherosclerosis.[@b17-tcrm-11-1133] After it had been shown that vorapaxar reduces death due to cardiovascular causes in patients with unstable angina pectoris and nonST-elevation myocardial infarction (NSTEMI), safety and efficacy of vorapaxar in reducing atherothrombotic events in patients with atherosclerosis were assessed in the "Trial to Assess the Effects of Vorapaxar in Preventing Heart Attack and Stroke in Patients With Atherosclerosis-Thrombolysis In Myocardial Infarction 50" (TRA 2°P-TIMI 50).[@b18-tcrm-11-1133] The hypothesis of TRA 2°P-TIMI 50 was that an inhibition of the PAR-1 in addition to standard platelet medication (eg, inhibition of the thromboxane A2 and the P2Y~12~ pathways) has a beneficial effect on the incidence of atherothrombotic events in patients with stable atherosclerosis and PAD. TRA 2°P-TIMI 50 was a multicenter, double-blinded, placebo-controlled Phase III trial in which 26,449 patients with stable CAD and prior MI, PAD or ischemic stroke were recruited.[@b19-tcrm-11-1133] CAD or stroke patients were eligible for TRA 2°P-TIMI 50 if they had an MI or an ischemic stroke 2 weeks to 12 months before study inclusion. PAD patients were required to have intermittent claudication with an ankle-brachial index \<0.85 or previous revascularization for limb ischemia. Patients with a planned revascularization, a history for bleeding complications, and a medication with vitamin K antagonists were excluded from the study. Patients eligible for TRA 2°P-TIMI 50 were randomized in a 1:1 ratio into a vorapaxar cohort (2.5 mg daily) or to placebo group. The primary end point was a composite of cardiovascular death, stroke, MI, or recurrent ischemia leading to urgent coronary revascularization. Bleeding complications were defined in accordance to the Global Use of Strategies to Open Occluded Coronary Arteries (GUSTO) and Thrombolysis in Myocardial Infarction (TIMI) classifications.[@b20-tcrm-11-1133] Due to an excess of intracranial bleedings in patients treated with vorapaxar and a history of stroke, the safety monitoring board of TRA 2°P-TIMI 50 recommended discontinuation of vorapaxar in all patients with a previous stroke. Approximately 26,449 patients were enrolled in TRA 2°P-TIMI 50 and were randomly assigned to vorapaxar (13,225 patients) or placebo (13,244 patients). Approximately two-third of the patients were recruited to TRA 2°P-TIMI 50 because of prior MI, 18% due to ischemic stroke, and 14% because of PAD. The majority of patients with a history of MI were under thienopyridine therapy (eg, clopidogrel), 94% of all patients received acetylsalicylic acid (ASA). The primary end point was observed in 9.3% of the patients receiving vorapaxar versus 10.5% of the placebo group (HR, 0.87; 95% CI, 0.80--0.94; *P*\<0.001). Furthermore, vorapaxar significantly reduced the risk for secondary end points (vorapaxar group versus placebo group: 11.2% versus 12.4%; HR, 0.88; 95% CI, 0.82--0.95; *P*=0.001). In patients with prior MI, compared to placebo controls, vorapaxar reduced the risk to reach the primary end point by 20%, that for MI by 21%, and that for ischemic stroke by 34%.

In patients with diabetes and prior MI, vorapaxar significantly reduced the risk to reach the primary end point (11.4% versus 14.3%; HR, 0.73; 95% CI, 0.60--0.89; *P*=0.002). Even if the incidence for minor and major GUSTO bleedings was increased, the net clinical outcome was improved in patients with diabetes and prior MI who were under vorapaxar treatment.[@b21-tcrm-11-1133] The primary end point was not significantly different in patients who were qualified with PAD.[@b22-tcrm-11-1133] But interestingly, rates for hospitalization due to acute limb ischemia and peripheral artery revascularization were significantly lower in the vorapaxar cohort compared to placebo.

However, the reduction of primary and secondary end points in patients under vorapaxar was associated with an increase in moderate to severe bleeding complications, as defined by the GUSTO criteria (vorapaxar versus placebo: 4.2% versus 2.5%, HR, 1.66; 95% CI, 1.43--1.93; *P*\<0.001) and TIMI criteria. Intracranial bleedings appeared twice as often under vorapaxar than in the placebo group (vorapaxar versus placebo: 1.0% versus 0.5%; HR, 1.94; 95% CI, 1.39--2.70; *P*\<0.001), but fatal bleeding complications were rare in both groups (vorapaxar versus placebo: 0.3% versus 0.2%; HR, 1.46; 95% CI, 0.82--2.58; *P*=0.19). In order to compare beneficial effects of vorapaxar with unwanted side effects, the net clinical outcome defined as the composite of cardiovascular death, MI, stroke, or moderate or severe GUSTO bleedings was calculated. In the vorapaxar group, 11.7% (1,315 patients) reached this end point compared to 12.1% (1,358 patients) in the control group (HR, 0.97; 95% CI, 0.90--1.04; *P*=0.40). Hence, vorapaxar given in addition to standard antiplatelet therapy reduces the risk for MI, stroke, and cardiovascular death in patients with stable atherosclerosis, and particularly in those with a history of MI. However, this risk reduction was associated with an increased risk for moderate and severe GUSTO bleedings.

Therefore, the FDA approval was primarily based on TRA-2P data demonstrating a reduction of the primary end point in post-MI or PAD patients without a history of stroke or transient ischemic attack (TIA). This antiischemic effect was pronounced in patients with low body weight (\<60 kg), with diabetes, and \<75 years of age. Of note, vorapaxar is not approved for ACS treatment (as tested in TRACER), but rather secondary prophylaxis (as tested in TRA 2P).

Subgroup analyses
-----------------

Even if drug-eluting stents are used and antiplatelet medication is taken, stent thrombosis is a feared complication after stent implantation and is associated with clinically significant complications such as MI.[@b23-tcrm-11-1133] In order to assess the effect of vorapaxar on event rates of stent thrombosis, a subanalysis of TRA 2°P-TIMI 50 was conducted.[@b24-tcrm-11-1133] Stent thrombosis was defined in accordance to the Academic Research Consortium (ARC).[@b25-tcrm-11-1133] Unexplained death within 30 days after stent implantation and MI without angiographic confirmation in the anatomical region of the previously implanted stent indicated possible stent thrombosis. Out of 26,449 patients of TRA 2°P-TIMI 50, 14,491 had at least one coronary stent. Approximately 97% of these patients received their coronary stents before study inclusion (eg, because of MI), whereas 3% obtained a coronary stent during the study follow-up period. Approximately 98% of all patients received ASA, 83% were treated with a dual antiplatelet therapy. During the observational period, 152 patients developed definite stent thrombosis, which in 92% occurred late (\>30 days to \<12 months after PCI) or very late (\>12 months after PCI). In comparison to placebo, treatment with vorapaxar significantly reduced the rate of definite stent thrombosis (1.1% versus 1.4%; HR, 0.71; 95% CI, 0.51--0.98; *P*=0.037). This beneficial effect of vorapaxar on the rate of definite stent thrombosis was consistent through all subgroups such as STEMI patients, smoking habits, or stent type (bare metal stents versus drug-eluting stents), as well as through all time points.

In regard to primary end points, vorapaxar reduced the risk for MI, cardiovascular death, and ischemic stroke in patients with prior MI, whereas no significant increase of intracranial bleeding or fatal bleeding occurred.

However, an increase in moderate and severe bleedings was found. Hence, vorapaxar in addition to standard antiplatelet therapy reduces the risk for cardiovascular death or ischemic events in patients with MI, but is also associated with enhanced bleeding complications.

Conclusion and future outlook
=============================

Vorapaxar reduces major cardiovascular events in patients with a history of MI. Bleeding complications were unacceptably frequent only in patients with prior stroke or TIA. On the basis of these findings, primarily from large subgroup analyses of TRACER and TRA-2P, vorapaxar was approved by the FDA for secondary prophylaxis in patients with prior MI and PAD -- without a history of stroke, TIA, or intracranial bleeding. In Europe, the Committee for Medicinal Products for Human Use (CHMP) recommended the European Medicines Agency (EMA) to approve vorapaxar in patients with prior MI in November 2014.

Vorapaxar provided net clinical benefit in patients at low risk for bleeding but high risk for ischemic events, because it especially prevented stent thrombosis after MI. It will therefore be a valuable tool enabling -- for the first time -- a concept of triple antiplatelet therapy in patients with particularly high ischemic risk. Its combination partners are ASA and clopidogrel, but not ticagrelor and prasugrel, because the newer ADP receptor antagonists have not been sufficiently evaluated in the vorapaxar trials (only 0.7% of patients in TRA-2P received prasugrel). Patients at high ischemic risk but low bleeding risk will hence have the choice between triple antiplatelet therapy with ASA, clopidogrel, and vorapaxar -- and triple antithrombotic therapy with ASA, clopidogrel, and ultra-low-dose rivaroxaban for mild factor Xa inhibition.[@b26-tcrm-11-1133],[@b27-tcrm-11-1133] However, current European guidelines recommend prasugrel or ticagrelor as the first-line ADP receptor blocker after ACS.[@b28-tcrm-11-1133]

No studies have yet investigated safety and efficacy of vorapaxar in patients with STE MI. As these patients are in fact those with the most aggressive platelet activation and highest risk for stent thrombosis, triple antiplatelet therapy with vorapaxar may be particularly beneficial for patients after STEMI. Still, no trial investigating the effects of a PAR-1 inhibitor in patients with STEMI is currently registered at [www.clinicaltrials.gov](http://www.clinicaltrials.gov).

Finally, the optimal duration of dual antiplatelet therapy after PCI is not yet known, and much less is known about the optimal duration of triple or dual antiplatelet therapy with a PAR-1 antagonist. The median follow-up in TRACER was 502 days, and most patients received vorapaxar for much longer than 1 year. Although deviation of the Kaplan--Meier curves was evident within the first month, it is possible that shorter treatment courses allow optimization of patient management after PCI.
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![Mechanistic illustration of the PAR-1 and PAR-4.\
**Notes:** Thrombin cleaves a silencing domain of the proteinase activated receptor. The new receptors' N-terminus can now bind to a second receptor ectodomain resulting in an outside-in signaling of PAR. Vorapaxar specifically inhibits cleavage of the silencing peptide of PAR-1. However, higher concentrations of thrombin still can induce platelet activation via PAR-4.\
**Abbreviations:** PAR, protease activated receptor; ADP, adenosine diphosphate.](tcrm-11-1133Fig1){#f1-tcrm-11-1133}
